Abstract Biochars have potential value for greenhouse nurseries as a potting amendment, reducing the need for environmentally costly products currently in use. The onsite manufacture of biochars by pyrolysis of woody waste offers additional greenhouse value as a source of clean heat. However, recent work observed that some biochars may evolve ethylene gas, a plant hormone that has adverse effects on many nursery crops. We hypothesize that suitable postproduction handling techniques would eliminate ethylene emissions. We monitored for 6 months ethylene emissions from four fresh biochars made from two feedstocks at two temperatures. We also monitored samples of expanded vermiculite for comparison. We then repeated the same testing on the same batches of biochars after they had been stored in the open for 90 days. Ethylene can affect plant development in greenhouses at concentrations as low as 10 ppb. Biochars sampled that were made from hazelnut shells at 370°C emitted 161 to 183 μg ethylene kg −1 biochar on the first day of incubation and then tapered down slowly. Hazelnut shell biochars prepared at 620°C emitted 37 to 43 μg ethylene kg
Introduction
Biochars have been shown to have several desirable effects as a soil amendment. They can increase water retention and cation exchange capacity (Lehmann and Joseph 2009) . The high surface area and porosity of biochars can also provide enhanced habitat for critical soil microbiology (Lehmann et al. 2011) .
Because of these potentially beneficial effects, biochars have been considered as substitutes for vermiculite or peat in horticultural nurseries. While all mined materials (such as vermiculite and peat moss) are finite resources and therefore subject to depletion and eventual price increases, biochar is produced from renewable organic waste streams. Additionally, on-farm pyrolytic production of biochars can be achieved while simultaneously mitigating heating costs. After initial thermal input, pyrolysis evolves gasses that can be used to maintain its own temperature requirements, while also providing heat.
Peat moss and vermiculite, common nursery potting amendments, have additional environmental costs. Vermiculite must be exfoliated at temperatures exceeding 900°C and is often shipped great distances. Peat mining involves the draining and destruction of sensitive wetlands and must also be shipped. Replacing such products with biochars produced onsite from locally available waste biomass, with associated capture of process heat, would be a boon not only to nurseries, but to the environment as well. Our objective for this research project was to determine whether biochars could be safely used as potting amendment.
Before nursery operators begin substituting biochars for other potting amendments, however, they must know that there will be no adverse effects to plant growth. While testing assorted biochars for their abilities to suppress emissions of methane and nitrous oxide (N 2 O), Spokas et al. (2010) discovered that the same biochars that suppressed N 2 O emissions also stimulated soil ethylene emissions. Additionally, they observed that this was the case whether or not the biochars were in physical contact with the soil. Ethylene, C 2 H 4 , the smallest of alkenes, is a plant hormone which ordinarily occurs in low concentrations in most plant systems. However, its importance as a plant hormone varies between plant species and over the course of plant development stages, in a host of complex ways that have the potential to interfere with the expected developmental patterns of nursery plants (Fig. 1) .
The effects of ethylene on plants in greenhouses have been observed from atmospheric concentrations as low as 10 ppb (Abeles et al. 1992) . Neljubow (1901) was the first to demonstrate the ability of ethylene to affect tropism in plants. Since then, ethylene has been implicated in such diverse plant responses as adventitious root formation, breaking of dormancy, leaf and fruit abscission, hypertrophy, flower and leaf senescence, premature blooming, cell elongation, root and shoot growth and differentiation, induction of femaleness in dioecious flowers, nodulation, germination, increased exudations, epinasty, and premature fruit ripening (Primrose 1979; Arshad and Frankenberger 2002; Argueso et al. 2007 ).
Soils produce ethylene, but biologically diverse soils do not accumulate ethylene at unsaturated moisture levels because ethylene production and consumption maintain balance. Ethylene synthesis in soils is primarily biotic, but ethylene accumulation has been reported from sterile soils when Fe(II) was introduced (Arshad and Frankenberger 1991) . Spokas et al. (2010) observed that the ethylene emissions from soils mixed with ethylene-producing biochars were greater than the emissions defined by the sum of the parts. Again, this case was so even when the biochars were not in direct contact with the soils, but merely occupied the same vessel. Biotic ethylene production from fresh biochars would seem highly unlikely because they have just been heated to temperatures well above those known to sterilize soils. However, recent work by Spokas and Colosky (2012) detected microbial activity in several fresh biochars.
The chemical and physical characteristics of biochars are dependent on feedstock selection, pyrolysis conditions such as production temperatures and residence time, and postmanufacture handling. Porosity, surface area, the proportion of aromatic to aliphatic carbon, and other properties are known to depend on production temperature (Keiluweit et al. 2010) . Following manufacture, biochars acquire oxygencontaining functional groups with time, the types and quantities of which depend upon environmental conditions (Lehmann and Joseph 2009 ). This observation led us to develop the fundamental motivation for our work. We hypothesized that if exposed to an oxidizing environment (e.g., stored in the open), ethylene will either degass or become oxidized and thus decline to concentrations that are no longer harmful to nursery plants.
We chose to test biochars made from two locally abundant woody waste feedstocks: Douglas fir chips and hazelnut shells. These were pyrolyzed at temperatures both below and above the observed threshold between mostly aliphatic and mostly aromatic biochar compositions (Keiluweit et al. 2010) . They were then prepared to approximate nursery conditions: mixed with peat moss and moistened to simulate both field moisture capacity and saturation. (Field moisture capacity is defined as "the percentage of water remaining in a soil 2 or 3 days after its having been saturated and after free drainage has practically ceased." Brady and Weil 2008).
We hypothesized that the fresh hazelnut shell biochars would evolve ethylene, because of the biochars tested by Spokas et al. (2010) , nut shell biochars yielded greatest ethylene emissions. We further hypothesized that by storing these fresh biochars for various periods of time, beginning with 90 days, they would be aged enough to eliminate ethylene emissions.
Materials and methods
Biochars were made from Douglas fir chips and from hazelnut shells by John Miedema at Thompson Timber Products/Starker Forests, Philomath, Oregon, USA, in a prototype pyrolytic retort (Fig. 2) . Each feedstock was pyrolyzed to peak temperatures of either 370°C, maintained for ∼4 min, or 620°C, maintained for ∼15 min (Table 1) . Portions of each of these four batches were then stored in the open air for 90 days.
Mixtures (50/50 by volume) of peat moss and each fresh biochar were prepared in 250-mL serum bottles with polytetrafluoroethylene septa and aluminum caps. Deionized water was then added to these mixtures both to moisture saturation and to approximate field capacity. Vermiculite/ peat moss mixtures were prepared in the same ratios and moistures for comparison. Vermiculite and peat moss are commonly used for young seedlings and cuttings, and are the amendments most suitable for replacement by biochars. All samples were stored at 21.6°C. Three replicates of each of the ten mixtures were thus prepared. Ethylene was measured using a gas chromatograph with flame ionization detection on days 1, 2, 4, 7, 14, 28, 42, 56, 70, 133 , and 179 of incubation. Calibration was conducted on each sampling occasion with volumetric ethylene/air mixtures of 1:10 3 (pptv) and 1:10 6 (ppmv). Additional quantities of the four biochars were stored in the open to assess the effect of post-production handling. After storage for 90 days, the "aged" chars were then prepared in the same mixtures, manners, and quantities as for the fresh biochars and then analyzed by the same protocols. We continued storing the four biochars in case longer periods of storage were necessary to test our hypothesis.
The control samples of vermiculite and peat moss mixture accumulated no ethylene at all, until the 133rd sampling day, when the field capacity vermiculite/peat moss mixtures were recorded at levels similar to the lowest threshold values known to affect plant growth. By this time, ethylene accumulation below threshold values was observed even for the 370°C hazelnut shell biochars. The vermiculite/peat moss mixtures were still accumulating marginal amounts of ethylene on day 179, the final sampling. 3 Results and discussion
Feedstocks
Feedstock type was confirmed to be a determinant of biochar ethylene evolution. Biochars made from hazelnut shells emitted ethylene from the start, with accumulations diminishing as time passed (Fig. 3) . Douglas fir feedstock biochars emitted smaller amounts of ethylene, and emission was apparent only on days 2 and 4 of incubation (Fig. 4) .
Heat treatment temperature
The hazelnut shell biochars pyrolyzed to a peak temperature of 370°C emitted two to three times as much ethylene as the same feedstock pyrolyzed to peak temperatures of 620°C. The 620 and 370°C Douglas fir biochars emitted relatively equivalent, low-level amounts of ethylene during their brief period of emission.
Moisture
Ethylene emissions from the moisture-saturated samples tended to be initially lower than those from the unsaturated samples, but the difference was not significant. On day 133, however, when the vermiculite/peat moss mixture first began to record ethylene accumulation, it was only from the samples that approximated field capacity, not from the water-saturated samples.
Post-production handling
None of the biochars that were stored in the open air for 90 days emitted any ethylene when tested in mixtures with peat moss at any time during sampling. This was the case when saturated with water and when moistened to the approximation of field capacity.
Discussion
We suspect that it was biochar-sorbed ethylene that accounted for the initial ethylene accumulations in our samples. While most of the ethylene evolved from soils is biotically synthesized (Arshad and Frankenberger 2002) , soil ethylene can also be produced abiotically. As mentioned in the "Introduction," sterile soils have been demonstrated to accumulate ethylene following the introduction of FeII (Arshad and Frankenberger 1991) ; however, such was cointroduced with the amino acid L-methionine, and there is now evidence that extracellular enzymes are stabilized by clay particles (Yan et al. 2010) , so the abiotic credentials of such C 2 H 4 production might be arguable. Although Spokas and Colosky (2012) detected microbial activity in fresh biochars, our results are inconsistent with biological ethylene production. For all of our biochars, highest ethylene accumulations were on the first days of testing and diminished in subsequent days, which is contrary to the lag followed by accelerating growth that is characteristic of biological activity.
It is known that methane can be oxidatively coupled to synthesize ethylene during pyrolysis (Albright et al. 1992) , but this has ordinarily been observed when pyrolysis reached higher temperatures than ours. Ethylene has been produced by the dehydrogenation of ethane at pyrolysis temperatures as low as ours given the presence of certain catalysts, e.g., NiO/ Al 2 O 3 (Zhang et al. 2003) .
No ethylene accumulation was observed in the vermiculite/ peat moss samples in the initial days. If any ethylene was being biotically synthesized in the peat moss, it was likely being concurrently consumed. Balance of biotic synthesis and catabolism of ethylene in soils, including forest O horizons, is normal (Elsgaard 2001) . We found no documented reasons to conclude that the processes common to soils and litter could not be replicated in peat moss. By far, the most common substrate for biotic synthesis of ethylene is the amino acid Lmethionine, which should be present in peat moss.
Any ethylene flux as a result of ethylene production during pyrolysis would have been expected to decline once pyrolysis was completed, and diminishing concentrations are apparent in our results. Given these findings, we might conclude that no biotic ethylene synthesis occurred in our serum bottles. However, on days 133 and 179 of the incubation, we recorded an accumulation of ethylene in the vermiculite/peat moss control samples. Prior to this date, the only volatile hydrocarbon observed from the vermiculite/peat moss mixture was methane in concentrations similar to those of the ambient atmosphere, suggesting that this methane was an artifact of the experimental setup. The observed ethylene suggests that microbes had been present in the peat moss and were now actively synthesizing ethylene. Possibly then, ethylene was also being biotically synthesized in the biochar samples by this time, but due to their previous exposure to the sorbed ethylene, these mixtures may have produced sufficient ethylene-degrading populations as to prevent accumulation of this gas once the sorbed ethylene had gone away.
Conclusions
Our investigation has the following implications for the use of biochar as an amendment to potting media:
1. Fresh biochars can emit significant concentrations of ethylene. They should not be used as potting amendments in greenhouse nurseries. 2. Biochars should be stored for 3 months in the open before use as a potting medium. Exposure to an oxidizing environment (ventilated location in open air) for 90 days allows for all ethylene stored in the fresh biochar to degass and/or become oxidized, thereby leaving a safe product behind. 3. There was no indication that ethylene emissions from biochars were linked to microbial activity, rendering it unlikely that an ethylene problem could evolve at a later time.
